v' A recent increase in the popularity of selective posterior rhizotomy for reduction of spasticity in cerebral palsy has led to a demand for more objective studies of outcome and long-term follow-up results. The authors present the results of gait analysis on 14 children with spastic cerebral palsy, who underwent selective posterior rhizotomy in 1985. Sagittal plane gait patterns were studied before surgery and at 1 and 3 years after surgery using a digital camera system. The parameters measured included the range of motion at the knee and thigh, stride length, speed of walking, and cadence. The range of motion at the knee was significantly increased at 1 year after surgery and further improved to a nearly normal range at 3 years after surgery. In contrast, postoperative measurements of thigh range exceeded normal values at 1 year, but decreased toward normal range at 3 years. While improvements in range of motion continued between Years 1 and 3, the children developed a more extended thigh and knee position, which indicated a more upright walking posture. Stride length and speed of walking also improved, while cadence remained essentially unchanged. This 3-year followup study, the first to examine rhizotomy using an objective approach, has provided some encouraging results regarding early functional outcome. 
Within the past 4 years, there has been a major resurgence of interest in the procedure and there are now over 30 centers in North America offering this surgery." With the increase in patient numbers and the apparent endorsement of the procedure by some in the neurosurgical community,' objective analysis of the long-term results becomes essential.
Foerstee and Fasano and Broggi 5 provided subjective and anecdotal evidence of improvements in function following posterior rhizotomy, the latter with a 15-year follow-up period in 80 patients. Peacock, et al., 15 found reduction in spasticity and improvement in function in 60 patients after selective posterior rhizotomy; followup evaluation up to 7 years revealed maintenance of Gait before and 3 y ears after rhizotomy functional improvements and no return of spasticity.' In order to obtain more specific and objective data, we began routine measurement of walking and crawling patterns of patients before and after selective posterior rhizotomy.' The results of approximately 1 year after surgery were reported by Vaughan, et al.,' for 14 ambulatory patients and revealed a significant increase in thigh range, knee range, and stride length. The cadence was virtually unchanged and, although the speed of walking increased, the difference was not statistically significant. It was concluded that rhizotomy reduced spasticity, thus allowing an increase in functional range of motion during gait which contributed to a longer stride length. These results confirmed our clinical impressions of gait improvement in spastic children following the rhizotomy procedure. However, the followup period was not adequate for evaluation of long-term effects. The purpose of the present study is to provide an objective assessment of the gait patterns of patients undergoing selective posterior rhizotomy after a postsurgical period of 3 years, and to compare these results with those obtained after 1 year.
Clinical Material and Methods

Patient Selection
The goal of the examination and selection process was to identify those patients who were mainly handicapped by spasticity and not the other features of cerebral palsy. Thus, clinical examination of muscle tone, reflexes, strength, range of motion, balance, and motor control was performed. Individuals with cerebral palsy who had spasticity but lacked rigidity, dystonia, athetosis, and ataxia were chosen. Because improvement in walking was our goal for this group of patients, it was important to ensure that they had adequate trunk control, balance, and antigravity strength, and did not have severe fixed contractures. Children with truncal hypotonia, weakness, or tendons overlengthened by previous orthopedic surgery were not considered for the procedure. Children of normal intelligence with bilateral lower-extremity spasticity and minimal upper-extremity involvement (spastic diplegia), good trunk control (ability to side sit), lower-extremity strength, and the ability to walk were considered the best candidates for the study.
Twenty-nine spastic children with cerebral palsy underwent selective posterior rhizotomy in 1985. 2 Fourteen were able to walk prior to surgery and thus could be studied using gait analysis preoperatively and again 5 to 14 months following rhizotomy (mean 9 months). At the time of surgery, the age range was 2 to 14 years (mean 8 years). Eleven of the original 14 patients were available for reassessment in 1988 at a mean postoperative period of 36 months. All patients received preoperative and postoperative physical therapy. For purposes of comparison, gait data were also collected for nine normal children with a mean age of 5 years.
Operative Technique
The procedure was performed under endotracheal general anesthesia without the use of long-acting depolarizing agents. The patient was positioned prone with bolsters under the chest and pelvis to allow the abdominal wall to move freely and to prevent epidural vein distention. Access to the lower extremities for intraoperative EMG and visual monitoring was ensured by careful positioning and draping of the patient. Accurate identification of the lumbosacral posterior roots and rootlets is difficult at the level of the conus, which is accessed using a T12-L1 laminectomy. We therefore exposed the cauda equina through laminectomies from L-2 to L-5 with careful preservation of the posterior facet joints. The posterior roots and their levels were identified by visual anatomical features with accuracy confirmed using electrical stimulation. The S-1 root was usually the largest, and stimulation of its anterior root produced flexion of the knee and ankle plantar flexion. The S-2 root was significantly smaller, and ankle plantar flexion and toe flexion occurred on stimulation of its anterior root. The plane separating the posterior and anterior roots was clearly visualized. The posterior root was broader, flatter, and lighter in color than the anterior root. The electrical threshold for a motor response was much lower for the anterior root than the posterior root. By counting upward from the confirmed S-1 root, the L-2 root could be easily identified at its dural exit point. The posterior root of L-2 was separated from the anterior root, and the two to four rootlets comprising the posterior root were stimulated in turn by means of two insulated microneurosurgical hook electrodes.* The threshold for a motor response was identified using a 0.1-msec square wave stimulus. A tetanic stimulus was then applied to the rootlet at 50 Hz (nonsinusoidal) for 1 second. The responses were monitored using EMG needle or surface electrodes.
For the patients in this study, two muscle groups were sampled simultaneously. For identification of the L2-4 rootlets electrical activity from the quadriceps and adductor muscles was sampled, and for the L5-S2 rootlets the gastrocnemius and tibialis anterior muscles were monitored. Rootlets were sectioned if they were associated with a low threshold for motor response, a sustained response beyond the 1-second stimulus interval, or spread to inappropriate muscle groups. The recording technique has been refined since these patients were treated, resulting in better selectivity and a decrease in the average number of rootlets divided. We now monitor EMG patterns from 10 muscles simultaneously using the chart recorder of an electroencephalograph. ductor, quadriceps, tibialis anterior, hamstring, and gastrocnemius muscles bilaterally throughout the testing procedure. Rootlets associated with decremental or squared-type responses are spared. Those associated with incremental, clonic, or multiphasic patterns are divided as well as those associated with sustained contractions or with spread to inappropriate muscle groups (Fig. 1) . The decision regarding division of nerve rootlets is also based on the preoperative clinical assessment, the number of rootlets previously divided, and the relative degree of abnormality. For severely spastic children, where many rootlets are associated with an abnormal response, care is required to avoid excessive deafferentation. After bilateral stimulation involving 50 to 60 rootlets, approximately 25% to 50% of rootlets are sectioned.
Gait Analysis Procedures
The kinematic analysis system consisted of three components: lightweight retro-reflective markers, a digital camera, and a personal microcomputer.' The system was portable, enabling evaluation of patients in distant geographic areas. The markers were placed at the hip (greater trochanter of the femur), knee (lateral femoral epicondyle), and ankle (lateral malleolus) of each child. Two-dimensional sagittal plane displacement data were collected during gait for both the left and right lower limbs. Within minutes of completing the walking trial, the x and y coordinates of each joint (as a function of time) were displayed on the computer monitor and a variety of parameters were derived. These included cadence (the number of steps taken per minute), stride length (the distance in meters from foot contact to the subsequent ipsilateral foot contact), and average speed, which was calculated as follows: average speed (m/sec) = cadence (strides/sec) x stride length (m), where there are two steps per stride. The gait cycle, with relevant temporal events, is illustrated in Fig. 2 . The knee and thigh angles were also derived from the displacement data. The angle at the knee joint was defined as the angle between the thigh and calf (Fig. 3  upper) . The thigh angle was defined as the angle between the thigh and the vertical axis (Fig. 3 lower) . Other parameters derived from these angles were: the knee range (maximum knee extension to maximum knee flexion), the knee mid-range point (the point halfway between these extremes), the thigh range (maxi- mum thigh extension to maximum thigh flexion), and the thigh mid-range point (Fig. 3) . The knee and thigh ranges indicate the total arc of motion used by the individual during the gait cycle, while the mid-range points reflect the location of this movement arc within the child's available range. The angle data were also illustrated using an angle-angle diagram which was first introduced by Grieve' (Fig. 4) . Quantitative analysis of the angle-angle diagram was also performed as described by Hershler and Milner."
The mean values for the right and left sides were determined for all of the gait variables and used for statistical analysis. The thigh range was slightly less than normal preoperatively and exceeded normal at both the 1-and 3-year follow-up examinations, although there was a slight decrease toward normal at the 3-year study. The range of knee movement was considerably limited prior to surgery, significantly improved after 1 year, and increased to nearly normal by 3 years after surgery. The mid-range point in knee movement was significantly increased after 1 year, indicating an excessively flexed knee position, but returned to a more normal value after 3 years ( Fig. 5 lower left) . The mean mid-range point for the thigh did not differ significantly from the preoperative value over the study period, although it tended to be increased at the 1-year point (Fig. 5 lower  right) .
Results
For
Discussion
Complications
Postoperatively, none of the patients developed wound complications or problems with bowel and bladder sphincter control. In no patient could any sensory deficit be detected in the dermatomes innervated by the lumbosacral plexus; increased sensitivity to light tough was noted in all patients after surgery but resolved spontaneously within 5 to 10 days. Although the followup period is relatively short, there has been no clinical or radiological evidence of spinal instability or deformity as a result of the multiple-level lumbar laminectomies, probably because of careful preservation of the posterior facet joints.
Spasticity and Range of Motion
The primary result of selective posterior rhizotomy is the reduction of spasticity. This is reflected by im- provement in the range of motion at the knee and thigh during gait which was maintained throughout the study period. The thigh range was initially close to normal and exceeded normal values following surgery. The knee range was quite limited preoperatively and then approached the normal range by the 3rd postoperative year. This is believed to be due to reduction in spasticity in muscles acting across two joints such as the hamstrings and rectus femoris muscles and possibly to reduction in co-contraction of muscle groups across the hip and knee joints. This improvement in thigh and knee range has allowed patients to increase their stride length and speed of walking.
Significance of Mid-Range Points
Whereas the range of motion data are probably a measure of reduction in spasticity, the mid-range points provide insight into the degree of strength and control a patient exhibits during gait. The minimum, maximum, and mid-range points of the thigh and knee for normal gait occur at specific points during the normal gait cycle (Figs. 2 and 3) . These angles differ in the spastic child due to muscular co-contraction, restrictions in range of movement, and other features of cerebral palsy such as synergistic movement patterns, weakness, and lack of motor control (Fig. 6) 
Conclusions
Although posterior rhizotomy has been used as a surgical approach to reduce spasticity for over eight decades, this study is the first to examine functional outcome of an objective basis. This 3-year follow-up study, using a simple sagittal-plane gait analysis system, has provided interesting data regarding early postoperative outcome and development of changes over time.
The patients undergoing selective posterior rhizotomy in this series had significant increases in knee and thigh ranges of motion with thigh range exceeding normal values and knee range approaching the norm. The mid-range points, indicative of control, initially reflected a more flexed standing posture which later improved. This suggests that patients can increase their strength and muscular control following selective posterior rhizotomy, and that physical therapy may make an important contribution to their functional improvement. Future prospective studies should concentrate on three-dimensional motion analysis of gait, measurement of energy cost, and the integration of motion, force, and EMG data. In time, long-term studies will provide clinicians with important evidence of the functional benefits that rhizotomy can offer the spastic patient.
edged. We are particularly grateful to Ms. Loretta Staudt for her valuable insight during the preparation of this manuscript.
